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ABSTRACT 
 
This paper describes a thermodynamic model that 
simulates the discharge cycle of a single-tank thermal 
energy storage (TES) system using supercritical fluid in a 
concentrating solar power plant. 

Current state-of-the-art TES design utilizes a two-
tank system with molten nitrate salts; one major problem 
is the high cost of the fluid.  The alternate design explored 
here involves the use of less expensive fluids at 
supercritical temperatures and pressures.  By cycling the 
storage fluid between a relatively low temperature two-
phase state and a high temperature supercritical state, a 
large excursion in internal energy can be accessed which 
includes both sensible heat and latent heat of 
vaporization. 

    Supercritical storage allows for the consideration 
of fluids that are significantly cheaper than molten salts; 
however, a supercritical TES system requires high 
pressures and temperatures that necessitate a relatively 
high cost containment vessel that represents a large 
fraction of the system capital cost.  To mitigate this cost, 
the proposed design utilizes a single-tank TES system, 
effectively halving the required wall material.  A single-
tank approach also significantly reduces the complexity 
of the system in comparison to the two-tank systems, 
which require expensive pumps and external heat 
exchangers.  However, a single-tank approach also results 
in a loss of turbine power output as the storage fluid 

temperature declines over time during the discharge 
cycle.   

The thermodynamic model is used to evaluate system 
performance; in particular it predicts the reduction in 
energy output of the single-tank system relative to a 
conventional two-tank storage system.  Tank wall 
material volume is also presented and it is shown that 
there is an optimum average fluid density that generates a 
given turbine energy output while minimizing the 
required tank wall material and associated capital cost. 

Overall, this study illustrates opportunities to further 
improve current solar thermal technologies.  The single-
tank supercritical fluid system shows great promise for 
decreasing the cost of thermal energy storage, and 
ensuring that renewable energy can become a significant 
part of the national and global energy portfolio. 
 
NOMENCLATURE 
 

pc    specific heat of HTF  1 1J kg K   

E    energy  J  

m    storage fluid mass (kg) 

m    mass flow rate  1kg s  

P   pressure  kPa  

q   heat rate  W  
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to a turbine that generates 50 MWe under design 
conditions at 37% efficiency, with , 390 Cgen inT   .  Note 
that the efficiency of the power system is /turb genq q  , 
which is a decreasing function of , gen inT due to the steam 
generator receiving fluid at temperatures lower than its 
design condition. 

Once the discharge model is solved for a specified 
period of time, the quantity of thermal energy removed 
from storage, storE , can be calculated: 

 
                                  storE m u    (13) 
 
where u  is the difference in specific internal energy 
between the initial and final states.  The importance of 
this equation is that storE  also represents the quantity of 
solar energy that had to be diverted to storage during the 
charge portion of the cycle.  Under design conditions, the 
value of storE  needed to generate the desired turbine 
power of 50 MWe for 12 hours at the maximum 
efficiency of 37% is storE  = 50 MW  12 h/0.37 = 1621 
MWh.    

Within Eqs. (1)-(13), parameters that describe the 
storage fluid, the HTF, and the internal heat exchanger 
effectiveness are fixed as shown in Table 1.  In addition, 
the discharge time period is fixed at 12 hours, and the 
stored energy, storE , is fixed at the corresponding value of 
1621 MWh.  Two parameters will be varied:  the fluid 
loading, or average density  , and the initial storage fluid 
temperature.  
 
Table 1:  System specifications of the TES system. 

 
Fixed parameters 

Storage fluid 
 
Naphthalene 
(Pc = 4070 kPa, Tc = 478ºC) 

Heat transfer fluid specific heat, pc  2.5 kJ/kg 
Heat transfer fluid mass flow rate, genm  547 kg/s 

Internal heat exchanger effectiveness,   0.9 

Discharge time period 12 hours 

Storage capacity 1621 MWh 

Varied parameters 
 
Storage fluid loading,   

 
Baseline value: 400 kg/m3 

Range: 200 to 600 kg/m3  

Initial storage temperature Baseline value: 500ºC 
Range: 420 to 500ºC 

 
The system model was implemented in the simulation 

program Engineering Equation Solver (EES) because it 
enables solution of simultaneous equations, including 
differential equations, and contains the Peng-Robinson 

equation of state as a built-in function.  The time step size 
for the calculations was 10 s, which was chosen after 
careful examination that smaller time steps did not show 
noticeable change in the results. 

NUMERICAL RESULTS AND DISCUSSION 
 
The simulation results for the baseline system are 
presented in Figure 3, which illustrates the transient 
behavior of the system during the discharge cycle.  
 

 
 
Figure 3:  Temperature and bypass flow rate behavior during 
the discharge cycle. 
 
 
It can be seen that the HTF temperature at the generator 
inlet, , gen inT , remains higher than 390ºC for approximately 
nine hours and is mixed with the appropriate volume of 
colder HTF through the bypass loop from the steam 
generator outlet.  This results in the steam generator 
receiving fluid at its design rating of 390ºC for maximum 
efficiency.  In this region, the TES system generates 429 
MWh (see Figure 4), which is equivalent to the energy 
output that a two-tank system can generate in the same 
amount of time.  After this point, , gen inT  becomes 
gradually less than 390ºC and is no longer mixed with 
colder HTF from the steam generator outlet (the bypass 
loop is closed).  Naturally the power output declines 
during this period following Eqs. (11) and (12).  During 
this latter part of the discharge cycle, the system produces 
150 MWh.  In total, the single tank TES system produces 
approximately 580 MWh.  When compared to a two-tank 
system (which produces the design value of 600 MWh 
over a 12 hour period), the energy loss is only about 
3.3%.   

Next, a series of numerical simulations was 
conducted to assess the impact of storage fluid loading (or 
average density,  ).  Varying   corresponds to traversing 
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the P-v diagram (Figure 3) along different vertical lines.  
Higher fluid density is beneficial because it corresponds 
to larger energy storage density, i.e. the required thermal 
energy can be stored in a smaller volume.  However, 
increasing fluid density also has the negative impact of 
increasing maximum system pressure (holding maximum 
temperature fixed); for example, in Figure 3, the initial 
(maximum) pressure for path 1 (high density) is higher 
than the initial pressure for path 2 (low density) starting at 
the same initial temperature.  

The results of the simulation are shown in Table 2.  
It should be noted that the energy output reduction for all 
these cases is the same as for the baseline (   = 400 
kg/m3), namely 3.3%.  The results confirm that the 
required storage fluid volume lessens with higher fluid 
density.  This means that the tubes may be smaller (or 
fewer can be used).  However, pressure increases rapidly 
as fluid density increases; this means that the tubes must 
have higher wall thicknesses to withstand the higher 
pressures.  Clearly, when considering the capital cost 
associated with the tube wall material, there is a trade-off 
between having lesser storage fluid volume, but greater 
wall thickness.   
 
Table 2:  Discharge cycle results for varying fluid density (for 
fixed energy storage capacity of 1621 MWh and initial 
temperature of 500ºC). 
 
Fluid 
density 
(kg/m3) 

Maximum 
pressure 
(kPa) 

Fluid 
volume 
(m3) 

Fluid 
mass 
(kg ) 

Tube wall 
material 
volume (m3) 

200 4531 73,500 14.7  106 9440 
300 5036 51,667 15.5  106 7400 
400 6014 41,500 16.6  106 7144 
500 8945 35,800 17.9  106 9344 
600 16,292 32,667 19.6  106 16,269 

To quantify this effect, the tube wall material volume 
was calculated and is shown in the last column.  The tube 
material volume is calculated from the storage fluid 
volume, as well as the wall thickness required to 
withstand the maximum pressure.  The required wall 
thickness can be determined using the expression for 
hoop stress in a thin-walled cylinder.  The result is 
expressed as: 
 

                                        w
tu

nPrt
F

   (14) 

 
where n  is the safety factor, P  is the maximum pressure, 
r  is the inner radius, and tuF  is the allowable tensile 
strength with a derating factor due to high temperature 
loading.  A safety factor of 3 is used, and the tensile 
strength is for SS316L per Military Standardization 
Handbook 5 data [16].  It can be seen in Table 2 that there 
is an optimum fluid density, at approximately 400 kg/m3, 
at which point the total tube bundle wall material volume 
(and thus, capital cost) is at a minimum.  

It can also be noted that the storage fluid mass 
corresponds to the capital cost of filling the tube bundles 
with the storage fluid.  However, for the inexpensive 
fluids anticipated in this study, the fluid cost is negligible 
compared to the tank wall material. For example, for 
naphthalene in a tank made of SS316L, the fluid cost 
would be on the order of 15% of the tank wall material 
cost.  Additionally, the required storage fluid volumes in 
Table 2 are comparable to two-tank TES systems of the 
same capacity.  An engineering study of molten salt 
storage, evaluated by Hermann et al. [17] and tested in 
the Solar Two project, shows that the combined volume 
of the cold and hot tank is approximately 60,000 m3 for a 
system with similar energy storage capacity.  This 

Figure 4:  Power and energy output of the single tank system during the discharge cycle. 

429 MWh 150 MWh 
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respective costs to illuminate the system components that 
contain greater opportunity for optimization.  
Additionally, the system can be modeled using various 
fluids in combination with market analysis to determine 
the most cost-effective storage fluid candidate.  In 
addition, TES systems operating with low or mid-
temperature ranges (200ºC – 300ºC) can be modeled to 
study power plants operating in those temperature ranges.  
The charging cycle will also be a topic for future 
investigation.   
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